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Investigation into the effect of backpressure on the mechanical behavior of methane-hydrate-bearing sediments via DEM analyses MINGJING JIANG i) , FANGYUAN In geotechnical laboratory tests, backpressure is widely used to fully saturate soil 67 samples [31] [32] [33] [34] [35] [36] [37] : the samples are saturated by increasing at the same time the internal 68 pore-water pressure, w σ (also called backpressure), and the cell pressure, 3 σ , of the 69 same amount. According to the principle of effective stresses [19] , the amount of 70 backpressure should not affect the mechanical behavior of fully saturated samples.
71
However, several recent experiments [20, 21] unequivocally point to a non negligible behavior of MHBS [14, 17, 39, 40] , e.g., they tend to increase strength, stiffness, strain 86 softening and shear dilation of the host sand. MHs are found in the pores of MH 87 bearing sediments. Brugada et al. [14] and Waite et al. [17] identified three main 88 formation habits at the pore scale, plotted in Figure 2 : (1) habit 3 is considered (see Figure 2 ). This habit is of common occurrence especially in showed that this pore habit plays an important role in the macro-mechanical 115 behaviors of MHBS and contributes substantially to the bulk properties of MHBS.
116
For instance in case of a MH saturation of 50%, the strength of the MHBS can be 117 twice as much as that of the host sand [20] [21] [22] [23] [24] .
118 Figure 3 The bond model for MH cementing pairs of sand grains was first formulated in Jiang 132 et al. [30] . The contact law here employed for the bond, experimentally derived in 133 [53, 54] , is presented in Figure 4 . The mechanical response of the bond is featured by 134 elastic behavior until breakage followed by brittle failure. For an intact bond, the 135 normal force F n , the shear force F s , and the moment M are computed, respectively, by:
where u n is the overlap of two particles; tangential and rolling bond contact stiffnesses, respectively. They are given by:
where E MH is the Young's modulus of MH; t is the average thickness of the MH bond 148 defined as the area of MH bond divided by its width. The bond width, B (see Figure   149 3), was prescribed for all bonds as a fraction of the equivalent radius of the two 150 bonded particles,
Contact interaction between non-bonded particles (e.g. contacts formed by frictional slider in the tangential direction only (see [30, 55] ).
155
With regard to the strength of the bonds, in Figure 5 R and sb R , respectively. They were determined on the basis of the experimental data available on bonding MH [20, 21] on pure MH samples [30] provide the following expressions: sample (see [30] ) according to the following formula:
where A is the total area of the sample, e p the sample planar void ratio, m the total (6) is provided.
195
The input parameters of the adopted bond model are four (listed in scaling is necessary to perform the simulations within an affordable runtime. Table 2 242
lists the values of the DEM parameters used in the simulations. In Figure 7 , a DEM [43, 58] ) and an initial planar void 253 ratio, e p , of 0.25 is plotted in Figure 8 . The value of β employed in each DEM test to 254 reproduce a prescribed MH S , was selected using the relationship in Figure 8 . 
260
In Figure 9 both the stress-strain and volumetric behaviors of MHBS from 261 experimental triaxial tests of Hyodo et al. [21] and our DEM simulations are plotted. increases with the level of backpressure.
275
To explain these findings, the stress-strain and the volumetric responses obtained Figure 12 ). In the two samples the maximum stress that can be sustained is similar stress that can be sustained by the sample so that the deviator stress tends to reach a 316 unique value at large strains independent of the level of backpressure applied. ( , , )
328
For sake of generality, it is convenient to use an expression for Eq. (7) in 329 dimensionless form: The lines obtained according to Eq. (10a) were reported in Figure 15 : it is apparent 352 they interpolate the data very well.
353
The relationship between internal friction angle and backpressure obtained from 
Other factors affecting the mechanical properties of MHBS

364
In addition to backpressure, both surrounding temperature and the density of 365 inter-particle methane hydrate influence deformability and strength of the inter-366 particle methane hydrate (see Eqs. (5) 
378
Comparison between Equation (11) and Equation (5a) whereas no significant change is found associated with the variation of MH saturation.
412
Therefore, the dependence of the internal friction angle on temperature and methane 413 hydrate density may be accounted for by the following expression: 
